In elastically coupled multiferroic heterostructures that exhibit full domain correlations between ferroelectric and ferromagnetic sub-systems, magnetic domain walls are firmly pinned on top of ferroelectric domain boundaries. In this work we investigate the influence of pinned magnetic domain walls on the magnetization reversal process in a Co 40 Fe 40 B 20 wedge film that is coupled to a ferroelectric BaTiO 3 substrate via interface strain transfer. We show that the magnetic field direction can be used to select between two distinct magnetization reversal mechanisms, namely (1) double switching events involving alternate stripe domains at a time or (2) synchronized switching of all domains. Furthermore, scaling of the switching fields with domain width and film thickness is also found to depend on field orientation. These results are explained by considering the dissimilar energies of the two types of pinned magnetic domain walls that are formed in the system.
I. INTRODUCTION
The magnetic properties of a ferromagnetic film are determined by the relationship between intrinsic material parameters, such as exchange stiffness and magnetocrystalline anisotropy, and extrinsic effects, including magnetic anisotropies induced by shape, strain and interfaces. Typically, both intrinsic and extrinsic contributions give rise to a magnetic energy landscape that is uniform across the ferromagnetic film, aside from local variations caused by defects and/or film roughness. The magnetization reversal process and the magnetic hysteresis loop do not therefore usually depend on probing area. In conventional magnetic films with uniform magnetic anisotropy, magnetic switching proceeds by nucleation of reversed domains and subsequent domain growth via lateral domain wall motion. Models describing thermally activated magnetization reversal and magnetic domain wall motion use parameters that vary with magnetic anisotropy energy and random fluctuations thereof, while the energetics of magnetic domain walls is not specifically taken into account [1] [2] [3] . Since the density of domain walls is often low and their spin structure and energy remain nearly constant during domain growth, this omission is justified for most ferromagnetic systems. However, if the motion of magnetic domain walls is prohibited by strong pinning, the energetics of domain walls can have a more pronounced influence on magnetization reversal, especially when the density of pinned walls is high and the anisotropy axes in neighbouring domains are noncollinear.
Strong local pinning of magnetic domain walls can be attained by various methods, including focused ion beam or low-energy proton irradiation [4] [5] [6] [7] [8] [9] [10] and oxygen ion migration from an adjacent metal-oxide layer 11, 12 .
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Other promising strategies to locally tailor the magnetic properties of a continuous magnetic medium exploit exchange coupling with a multiferroic BiFeO 3 layer [13] [14] [15] [16] or strain coupling to the ferroelastic domains of a ferroelectric BaTiO 3 substrate [17] [18] [19] [20] [21] [22] . In both cases, oneto-one correlations between the domains in BiFeO 3 or BaTiO 3 and the domains of an adjacent ferromagnetic film have been demonstrated. Furthermore, since the magnetic domain walls are firmly pinned on top of ferroelectric domain boundaries by abrupt changes in magnetic anisotropy, they do not move during magnetization reversal 17, 18 . This strong pinning effect leads to the formation of two types of magnetic domain walls with considerably different energy, depending on the direction of in-plane magnetic field 19, 22 .
In this work we investigate the influence of pinned magnetic domain walls on magnetization reversal in a straincoupled Co 40 Fe 40 B 20 /BaTiO 3 heterostructure with regular magnetic stripe domains (Fig. 1) . We find that magnetic switching in this system depends strongly on the type of magnetic domain wall that is created during a magnetic field sweep, especially if the thickness of the CoFeB film exceeds 50 nm. For magnetic fields along the stripe domains, high-energy head-to-head and tail-to-tail domain walls form. In this case, magnetization reversal proceeds in two clear steps involving abrupt magnetic switching in every second stripe domain at a time. The regular lateral modulations in the magnetization reversal process are driven by transformations of the domain wall structure into a low-energy head-to-tail configuration. On the other hand, if the magnetic field is applied perpendicular to the stripe domains, low-energy head-totail domain walls form. As a consequence, domain wall transformations cannot reduce the energy of the system and the magnetization of each domain switches simultaneously. The dependence of the magnetic switching fields for both reversal mechanisms on CoFeB film thickness and stripe domain width are discussed in detail.
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II. EXPERIMENTAL DETAILS
The experiments were conducted on a multiferroic heterostructure composed of a ferroelectric BaTiO 3 (001) single-crystal substrate and a ferromagnetic Co 40 Fe 40 B 20 wedge film, with thickness t = 0 -150 nm. The wedge film was deposited via magnetron sputtering at 300
• C. Upon cooling through the paraelectric-to-ferroelectric phase transition at 120
• C, the lattice structure of BaTiO 3 becomes tetragonal and regular a 1 -a 2 ferroelastic stripe domains are formed to minimize electrostatic and elastic energies 23 . The alternating 90
• in-plane rotations of the lattice tetragonality that are characteristic of this domain pattern give rise, via inverse magnetostriction, to corresponding 90
• in-plane rotations of the uniaxial magnetoelastic anisotropy axis in the CoFeB film.
At room temperature the ferroelastic a 1 and a 2 stripe domains are found to be fully imprinted into the CoFeB wedge film at all thicknesses, as schematically illustrated in Fig. 1(a) . This indicates that the magnetoelastic anisotropy dominates over the other anisotropy contributions in CoFeB even at the thick side of the film. The • magnetically charged (b) and uncharged (c) domain walls obtained at remanence, after reducing the magnetic field from saturation along the direction parallel and perpendicular to the domain walls, respectively. φ1 and φ2 represent the magnetization angles in the a1 and a2 domains. ferromagnetic domains were imaged at room temperature using magneto-optical Kerr effect (MOKE) microscopy with in-plane magnetic field. Magnetic hysteresis loops of individual a 1 and a 2 stripe domains were extracted from the variation of local magnetic contrast during magnetization reversal.
III. MAGNETICALLY CHARGED AND UNCHARGED DOMAIN WALLS
The magnetic domain walls that separate the imprinted a 1 and a 2 domains in CoFeB are strongly pinned onto the ferroelectric domain boundaries by the sudden rotation of the uniaxial magnetic anisotropy axes. As a result of this pinning effect, the magnetic domain walls do not move under application of a magnetic field and the total spin rotation within the walls varies with the direction and strength of the in-plane magnetic field 19 . Particularly relevant to the present work is the possibility to initialize magnetic domain walls with two distinct spin structures for specific magnetic field orientations. When the field is reduced from saturation along the direction parallel to the walls, the spins align in alternating head-to-head and tail-to-tail configurations which induce magnetostatic charges on each side of the domain walls ( Fig. 1(b) ). Accordingly, these domain walls are usually referred to as magnetically charged. On the other hand, when the field is reduced from saturation along the direction perpendicular to the walls, magnetically uncharged head-to-tail domain walls are instead formed ( Fig. 1(c) ). In ferromagnetic films without anisotropy modulations charged walls typically arrange in zigzag configurations to reduce magnetostatic charge density [24] [25] [26] . In our strain-coupled multiferroic heterostructure, however, both magnetically charged and uncharged walls are perfectly straight because of strong pinning onto the underlying ferroelectric domain boundaries.
The profile of charged magnetic domain walls is mostly determined by the competition between magnetostatic energy and magnetic anisotropy energy, while exchange energy and magnetic anisotropy energy mainly define the structure of uncharged magnetic domain walls 22 . As magnetostatic coupling between spins extends over a longer distance than exchange interactions, the width and energy of charged walls are considerably larger than that of uncharged walls. Moreover, since the magnetostatic energy increases with ferromagnetic film thickness, the difference between the width and energy of charged and uncharged domain walls becomes more pronounced for thick films 22 . Fig. 2(a) and (b) show Scanning Electron Microscopy with Polarization Analysis (SEMPA) images of charged and uncharged magnetic domains walls, at remanence, in a 20 nm CoFeB film that was grown on BaTiO 3 under the same conditions as the wedge film. The elevated spatial resolution of SEMPA 27,28 allows for domain wall imaging at the nanoscale and for the extraction of the corresponding wall profiles (Fig. 2(c) ). Following the domain wall width definition of Lilley 29 , the widths of the charged and uncharged domain walls are estimated as δ c = 770 ± 60 nm and δ uc = 165 ± 25 nm, respectively.
IV. RESULTS AND DISCUSSION
The magnetization reversal process in CoFeB under the formation of charged or uncharged domain walls is investigated by MOKE microscopy. To this end, a large set of MOKE images is collected as a function of magnetic field strength. This is done with the magnetic field applied either parallel or perpendicular to the domain walls and for different CoFeB film thicknesses. For each field sweep, the MOKE intensity of individual images is averaged along the direction of the stripe domains and combined into a single contour plot, as illustrated in Fig.  3 . Such contour plots, wherein a vertical line contains information about the magnetization direction of each MOKE image, are used here as an efficient way to visualize magnetic switching in all the domains of the original set of images.
MOKE contour plots with magnetic field applied either parallel or perpendicular to the domain walls are shown in Fig. 4 for CoFeB film thicknesses ranging between 25 nm and 150 nm. To facilitate direct comparisons, the magnetic hysteresis loops of selected a 1 and a 2 domains are also shown. The width of the selected a 1 and a 2 domains is similar for all thicknesses, being on average ∆ 1 ∼ 8 µm and ∆ 2 ∼ 5 µm, respectively. In both cases, the magnetic field is applied at an angle of 45
• with respect to the easy axes of a 1 and a 2 domains (see Fig. 1 ). The reversal process should therefore not depend on the field direction nor the domain type, in accordance with the Stoner-Wohlfarth model for single domains with uni- axial magnetic anisotropy. In our system, however, the magnetic switching behavior depends strongly on the direction of the magnetic field and, for field parallel to the walls, on the domain type. In particular, a 1 and a 2 domains switch simultaneously when the magnetic field is applied perpendicularly to the walls, while they switch at distinct fields when the magnetic field is applied parallel to the walls. This unusual switching behavior is caused by strong magnetic domain wall pinning and the substantial energy difference between charged and uncharged walls 22, 24 , as discussed below.
The influence of the two types of domain walls on the reversal process is clarified through consideration of individual MOKE images illustrating the switching of a 1 and a 2 domains at a specific thickness (t = 75 nm), as shown in Fig. 5 . When the magnetic field is applied parallel to the walls (Fig. 5(a) ) and reduced from saturation, the magnetization of each stripe domain rotates towards the respective easy anisotropy axes, causing the formation of charged domain walls. Both the energy and width of these walls are initially small, but rapidly increase upon decreasing field strength. At some field value (Fig. 5(a-1 ) ), the energy of charged walls becomes so large that an abrupt magnetic switching event is triggered in every second stripe domain (Fig. 5(a-1 ) ), here defined as a 2 . During this first switching event all charged domain walls transform into lower-energy uncharged domain walls, thus providing a net energy gain for the entire magnetic system. Upon a further increase of the mag -FIG. 4 . Contour plots illustrating the magnetization reversal process at several film thicknesses while sweeping the magnetic field H from negative to positive saturating values along the direction either parallel (left column) or perpendicular (right column) to the domain walls (DWs). The sample areas imaged in the left and right columns are the same. The scale of the MOKE intensity is identical to the one in Fig. 3 . When H DWs blue (red) color corresponds to magnetization pointing to the left (right), while when H ⊥ DWs blue (red) color corresponds to magnetization pointing down (up). The black and green solid lines in the contour plots mark the boundaries of the a1 and a2 domains, respectively, whose magnetic hysteresis loop is shown to the side. netic field strength, the a 1 domains switch too: during this second switching event all uncharged walls (Fig. 5 (a- 2 ) are transformed back into charged walls ( Fig. 5(a-2 ) ) which are now characterized by a modest spin rotation and, thus, considerably smaller energy. A different reversal process occurs when the magnetic field is applied perpendicular to the domain walls ( Fig. 5(b) ): now, uncharged walls are formed when the magnetic field is reduced from saturation and the magnetic system cannot reduce its energy by domain wall transformations. Instead, in order to prevent the formation of higher-energy charged walls, magnetic switching is now completely synchronized in all domains ( Fig. 5(a-1 ) and (a-1 )) . A much weaker dependence of the magnetic hysteresis curve on the direction of applied magnetic field has been reported for an exchange-coupled La 0.7 Sr 0.3 MnO 3 /BiFeO 3 heterostructure 16 .
A. Scaling of magnetic switching with domain width
An intriguing aspect that emerges from the contour plots in Fig. 4 is the influence of domain width on the magnetization reversal process. When the magnetic field is applied along the stripe domains, charged walls are created and the switching field of the a 2 domains (H S2 ) decreases with decreasing width ∆ 2 . Specifically, H S2 is inversely proportional to ∆ 2 , as illustrated in Fig. 6(a) for t = 75 nm. This scaling behavior is explained considering that narrow a 2 domains correspond to a higher density of charged domain walls and, consequently, a higher magnetic energy density compared to wide a 2 domains. An alternative way to understand this behavior is provided in Fig. 6(b) , where the value of the spin rotation of charged walls, measured just before the first switching event, is plotted as a function of ∆ 2 , for t = 75 nm. For ∆ 2 = 5 µm the spin rotation of charged domain walls increases up to 100
• before switching, while in narrower a 2 domains charged walls with considerably smaller spin rotation already transform into uncharged walls. Because larger spin rotations are associated with higher magnetic energy, Fig. 6(b) indicates that wider a 2 domains can accommodate charged domain walls with higher energy than narrow a 2 domains, before transformations to uncharged domain walls occur.
While H S2 scales with ∆ 2 when the field is applied along the stripe domains, H S1 is independent of ∆ 1 . Considering the arguments that were provided to explain the dependence of H S2 on ∆ 2 , this circumstance may appear in contradiction with the fact that uncharged walls are transformed back into charged walls when a 1 domains switch (see the second switching event in Fig. 5  (a) ). However, charged walls that form after the second switching event have much smaller spin rotations, and correspondingly lower magnetic energies, than the charged walls before the first switching event. This is illustrated in Figs. 6 (c) -(d) , where the spin rotation of charged and uncharged walls before and after the two switching events is plotted as a function of CoFeB film thickness, for a 2 domains with similar width ∆ 2 ∼ 5 µm (a 1 and a 2 domains switch almost simultaneously for t ≤ 50 nm and the corresponding data have been omitted from these figures). Since the energy of charged walls is small after magnetic switching in the a 1 domains, H S1 is mainly determined by the magnetic anisotropy inside the domain, which is independent of ∆ 1 , rather than the energetics of the domain walls. This observation is also confirmed by the fact that H S1 is nearly identical for the two field orientations (see Fig. 4 ).
B. Scaling of magnetic switching with CoFeB film thickness
Finally, the dependence of the magnetic switching field on CoFeB film thickness is discussed. From Fig. 4 it can be seen that both H S1 and H S2 decrease with CoFeB thickness for t ≥ 50 nm. The switching fields of a 1 domains (irrespective of field direction) and a 2 domains (magnetic field perpendicular to the walls) are not drastically influenced by domain wall transformations and thus their variation with film thickness mimics that of ferromagnetic films without regular anisotropy modulations. A different dependence of H S2 on film thickness is obtained when charged magnetic walls are formed. In this case, two additional interlinked parameters affect H S2 , namely (1) the width of the a 2 domains (Fig. 6 (a) ) and (2) the spin rotation within the walls and thus the wall energy (Figs. 6 (b) -(d) ). The dependence of H S2 on film thickness and ∆ 2 is summarized in Figs. 7 (a) and (b) . For relatively thin films, the energy difference between charged and uncharged magnetic domain walls is rather modest, giving rise to large spin rotations inside both domain walls and strong scaling of H S2 with 1/∆ 2 . At the other end of the thickness spectrum, the width and energy of uncharged walls are mostly unchanged, whereas those of charged walls are significantly enhanced. The growing energy difference between the two types of domain walls leads to a reduction of H S2 with increasing CoFeB thickness. This scaling effect is most significant for wide a 2 domains, since charged walls can attain their full width and energy without restrictions. For small ∆ 2 , however, the domain walls are artificially confined to narrow domain stripes, leading to a finite-size reduction of the spin rotation within the walls and thus of their width and energy 22 . This effect hampers the reduction of H S2 with film thickness in narrow domains and, consequently, the scaling of H S2 with 1/∆ 2 becomes less pronounced at the thick side of the CoFeB wedge. When the energy gain during charged-to-uncharged wall transformations exceeds the magnetic anisotropy energy of the domains, magnetic switching in the a 2 domains can take place before zero applied magnetic field is reached. Negative switching fields are measured for narrow a 2 domains and/or at large CoFeB film thicknesses, as shown in Figs.  7 (a) and (b) .
The 1/∆ 2 scaling behavior in our multiferroic heterostructure is qualitatively similar to that of twodimensional magnetic systems with opposing interface and bulk anisotropies. In magnetic multilayers, for example, the interface anisotropy dominates the total energy of the system for very thin ferromagnetic films, but its contribution decays with thickness (t) as 1/t (see ref. 30 ). This scaling effect causes a spin reorientation transition at a critical thickness t c . Exchange bias in ferromagnetic-antiferromagnetic bilayers is another wellknown magnetic interface effect 31 . The switching field in this case can also be negative (for one field sweep direction) and the magnitude of the exchange bias field scales as 1/t. In our system, the a 2 domains are bordered by two straight and strongly pinned domain walls and the possible transformation of their internal spin structure acts as an interface-like potential energy. Consequently, the influence of the domain walls on H S2 diminishes with domain width as 1/∆ 2 . Since the energy difference between charged and uncharged magnetic domain walls increases with ferromagnetic film thickness, both vertical and lateral scaling effects can be utilized to tailor micromagnetic switching effects in fully correlated multiferroic heterostructures.
V. CONCLUSION
To conclude, we have investigated how magnetic domain wall pinning in a strain-coupled CoFeB/BaTiO 3 heterostructure affects the magnetization reversal process. Depending on the in-plane field direction, two distinct mechanisms are identified.
If magnetically charged domain walls with high energy are formed during a field sweep, the system lowers its energy via domain wall transformation into uncharged configurations, which corresponds to abrupt magnetic switching in every second stripe domain. This lateral modulation of magnetization reversal is unusual and can result in switching before zero applied magnetic field is reached. On the other hand, rotation of the applied magnetic field by 90
• results in the formation of low-energy uncharged magnetic domain walls and a very different reversal behavior. In this configuration, all domains switch simultaneously to prevent the formation of high-energy charged magnetic domain walls. The magnetic switching event that is driven by domain wall transformations scales with the energy difference between the two types of magnetic walls and, thus, with the thickness of the CoFeB film. Also, since the local energy of the system varies with the density of magnetic domain walls, the switching field that is associated with domain wall transformations is inversely proportional to the domain width.
The observed dependence of magnetization reversal on field direction is anticipated to be a general feature of continuous ferromagnetic films with a regular modulation of non-collinear magnetic anisotropy axes and a high density of pinned magnetic domain walls.
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